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AbstractFlaking of co-deposited layers in thEokamak

bumper limiter a year after theermination ofoperations

Fusion Test Reactof TFTR) has been observed after the showed that some areas of the co-deposited layene

termination of plasma operations. This unexpedta#ling
affects approximately 15% of the tiles and appears on
isotropic graphite tilesut not on carbon fibecomposite
tiles. Samples of tiles, flakesand dustwere recently
collected from the inside of theacuumvesselandwill be

analyzed to better characterize the behavior of tritium on

plasma facing components in DT fusion devices.
INTRODUCTION

Carbon is favored as a plasma facing material as
has excellent thermal properti@sd carbon impurities in
the plasmaead toonly small increases inadiatedpower.
Unlike metals, itdoes not meltunder the impact of a
plasma disruption (it sublimesgnd carbon plasmdaacing
components do not change shapwlerthe mostextreme
temperatureexcursions. However carbon atoms, sputtered
from plasma facing surfaces byhgdrogenic plasma, are
likely to be co-deposited along with the hydrogeatoms
on the surrounding surfaces. Tritium accumulatesh
carbon in co-deposited layers on plasmiacing
components exposed to DT plasmdshis phenomena is
the dominant route for tritiunretention in tokamaks and
may severely impact the@perational schedule forfuture
long pulse machines with carbon plasméacing
components[1].

The mobilizability of tritium is an importantfactor
in safety analyses dtiture DTreactors. Tritiumimplanted
or tenaciously attached to solid objectsc@nsidered to be
less hazardous than tritium thatould be released in
potential accident scenarios. Dust generated byplasma
operations is an emergingrea ofconcern[2,3].Studies of
metal tritide dust[4] indicate that tritiated graphdast may
be significantly more hazardous thaHTO (tritiated water)
because of donger biological half-life. Biological studies
of tritiated tokamak dust are needed to estaldighropriate
occupational limits. A technical basi®r predicting and
diagnosing the amount of flakesd dust in futureeactors

needs to be established to quantify the radiological hazargmloidal

associated with mobilizable tritium or activatiggroducts.
Deposited layers on plasma facing surfaces hdifferent
chemical composition and physical structure from
manufacturegplasma facingcomponents.The analysis of
plasma facing componentsom tokamaks that havéeen

operated with tritium plasmas is uniquely valuable in

understanding the behavior of tritium in these devices.

During 15 years of plasmaperations onTFTR co-
deposited layerdormed a hardcrusty' layer some tens of
microns thick on carborand stainless steetomponents
inside the TFTR vacuum vessel[5]. In tritium plasma
operations,over the period 1993 1997, approximately
51% of the tritium supplied to the plasmas retained in
the vessel[6-8].TFTR plasma operationsvere terminated
on 4th April 1997. A program to obtainand analyze
samples of plasma facing componertsmmenced apart
of a PPPL/JAERI collaboration on tritium issues.
Unexpectedly, observation dhe surface of theTFTR

beginning to flake off[9]. This paper reportsthese
observationsandthe status of theontinuing program of
collection and analysis of tritiated plasma facimaterials
from the vacuum vessel.

Tritium fuel has also beerused on JETand the
fraction of tritium retainedwas unexpectedly high (40%)
[10]. Theinternal geometry ofTFTR and JET are quite
different asJET has a divertor, buinterestingly, the long
term retention fraction in both machinesas similar at
idpproximately 16%. Flaking has also been observed in the
inner divertor leg inJET[11]. Flaking of carbondeposits

on a molybdenum liner was observed in JT-60L887[12]
and thick carbon flakes have recently been observed in
TEXTOR[13]. More information on the experience of
tritium in large tokamaks may be found in the summary of a
recent workshop[14].

TFTR PLASMA FACING COMPONENTS

TFTR operated with toroidal plasmas with a circular
cross section thawere in contact with an innettoroidal
‘bumper’ limiter. The total area ofthe bumper limiter was
22 nt and it is dividedinto 20 bays (labeled\-T) each
composed of 24 rows diles, 4 tiles wide. Eachbay is
curved in both toroidal and poloidal directionsand the
center extends out 5mm fromtaue toroidal surface. The
midplane tilesare 125 mmwide and 81 mmhigh. Tile
material was initially 100% Union Carbide AXF-5Q
isotropic graphite. In 1993 sonamage wasoted on the
top and bottom rows of tiles[15]. In areas of heavy
damage, the tiles were replaced with Fiber Materials Inc. 4D
coarse weavecarbon fiber composite(CFC) tiles and
Hercules 3-D fine weave CFC tiles. CR&s wereinstalled
on the bottom row of the limiter, the lesamagedop row
wasreplaced with redesigneidotropic graphite tiles and
the limiter was realigned to reduce hot spots.
Approximately 45% of tiles are now CFC. The outer
vacuumvessel is protected by graphite tilesranged in
rings and tiles also protect high heaflux
locations onthe edge of RFantennasand surfaces in the
line of sight of the neutral heating beams.

CHRONOLOGY OF FLAKING

A video inspection of the inside of tHEFTR vacuum
vessel in October 1996 showed that the co-depositgers
on the bumper limiteiwere tenaciously attached with no
sign of flaking. Samples ofdust were removed from the
bottom of vertical diagnostic viewing pipes at thane
and a small amount of millimeter scale flakeasobserved
with the dust. Plasmaperationswereterminated inApril
1997 and noevidence of flakingwas visible atthe next
vessel opening inOctober 1997. However, at the
subsequentopening in August 1998 the technicians
reported that the tileshowedsigns of scarring - this was
initially believed to bedue toabrasionduring theremoval
of some tiles the previous yeaPhotographicinspection
in November 1998 however clearly showiaking of tiles



LN
99E0023-09

Fig. 3 Flaking at the top of Bay K. Note ti@&FCtiles
on the left do not show flaking.
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Fig. 1 Overview of bumper limiter bays L, K, J. Some
tiles have been removed from Bay L on the left.
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Fig. 2 Close up oblistering atlower part of Bay K. Fig. 4 White deposits on thbumper limiter near a
The vertical height of a tile is 81 mm. diagnostic penetration(upper right) and on the

poloidal limiter tiles on the floor.

on the lower part of the bumper limitendsome unflaked that the flakes are detached co-deposited layerscthvatain
areas showed blistering and corrugation (see Figmdl2). most of the tritium. The bake out measurementshow
At the nextopening inJanuary 1999 thepper part of the levels of tritium thatare consistentwith estimates of the
limiter also showedlaking (Fig. 3). The flaking affects in-vessel tritium inventory derived from the difference
approximately 15% of thetiles andappears tooccuronly  between tritium fuelingandtritium exhaust over thevhole
on isotropic AXF-Q tiles and not on carbon fiber DT campaignand are animportant confirmation of the
composite tiles. White deposits are evident reiagnostic  difference inventory methodology used for tritium
penetrations on the lower Bay K bumper limigammdheavy inventory control.

depositsareapparent on the poloidal limiter tiles at the

floor of the vessel (Fig. 4) [16]. Since flaking occurs on some tilemdnot others, it
o is important to identify the factors leading fiaking. One
_ Flakes were collected from Bay J by apecialized factor is the tile material - no flaking is observed aarbon
device on the end of a long pole and baked to releé#sem  fiber composite (CFC) tiles. Possibly the surface texture on
and assay the tritum content of the flakes. ®aking CFCtiles facilitates better adhesion of thm-deposited
0.24 g of flakes at 500°C for 1 hour, 0.72 Ci of tritium was|ayers. The thickness ofthe co-deposited layer may be

released. This amount is similar to the tritium released ORnother factorThe source of the Co_deposited material is
baking other tilesremoved from the vessednd confirms



tile erosion that is stronglyependent on tilealignment.
Protruding leading edges may have generated ahogeage
amount of eroded material thiad tothicker co-deposited
layers. To test thishypothesis the tile alignment was
measured remotely by a coherent laserangefinder
developed to measurein-vessel geometry with
submillimeter accuracy[17]. Theresults showed that the
tiles were well aligned; therewas no evidence thattile
misalignment was a factor in the flaking[9,18].

POSSIBLE CAUSES OF FLAKING

Several mechanisms have been proposed the
flaking. Waterabsorption could promote swelling of the
layers leading to detachment when the mecharstedss
between the layeandthe substrateexceededhe adhesive
force. The interior of the vessel has bedmeld slightly
below atmospheric pressu(@10-735 torr of air with 40%
relative humidity) since the end of plasroperations (with
the exception of occasionadir recirculation toremove
tritium when thereturned aiwas dried t010% humidity).
The waterabsorption could be catalyzed byeta particles
emitted by the radiologicaflecay oftritium. Betaparticles
break chemical bonds along their path in the carlpdrich
then take up OH. Alternatively lithiuroould be gpotential
catalyst. Significant amounts of lithiumvere introduced
into the plasma especiallgluring the final months of
operations. Materials analysis is necessarltaidate the
phenomena, however retrieval of the flakeasnplicated
by their fragile natureand the radiological environment
inside the vessel.

BUBBLE SUIT ENTRY TO THE VACUUM VESSEL

While some tileswereretrieved by specializedools
extendedinto the vacuum vessel, it became clearthat
manned entry to the vessa&Vas desirable toefficiently
collect samples for subsequestientific analysis. The
radiological and environmental conditions irthe vessel
were as follows:

i. ~1-10 million dpm /100 cni removabletritium
contamination in vessel.
ii. 1-5 pCi / ni tritum concentration inair in the
vacuum vessel during the opening.
iii. ~25 mrem/hour direct (gamma) dosepersonnel in
the vessel.
Manned vessel access would allow a mtadter rate ofile
removal and avoid disturbing the material surfacevduld
greatly reducethe time spent on the tastnd hence the
personnel dose. Personnel entering the vessaild be
isolated from in-vessel environment by a 'bubble swith
externally supplied air. During the opening, the
contamination was confined to the vessel bgaable-stage
tent enclosure at the poend by strong air flow (1,600
cubic foot/minute air flow, 40% relative humidity, 65°F)
into the vessel. Extensive plannimgdtraining in bubble
suits in a scale model of theacuumvesselwasundertaken

and detailed 'choreography’ of the in-vessel tasks laid out.

Manned vessel entrwas accomplished safely and
successfully on October"71999 in two 2-houshifts. The
total dose to allpersons involved (including safety and
support personnel) was less than 0.125 persom and the
stack release 2.2 Ci, allell within administrativelimits.
Bioassay measurements confirmed that thveas nouptake
of tritium. The following lists the results:
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Figure 5. Contoumplot of near surfacetritium on
poloidal limiter between Bay&/L in uCi/cnt. This
plot is interpolatedfrom measurements on a 3 x 13
grid.
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Figure 6. lon chamber measurements of surface
tritum on the vessel wall at Bays &And J in
pCi/lcm2. The approximate location isshown
schematically.



1. Collection of 36 tiles (without disturbing of the D&D planning and enable better understanding into the

plasma facing surfaces). behavior of tritium in fusion machines.

2. Collection of 4 wall coupons
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